Carrier lifetime at room temperature ͑RT͒ was measured for blue-violet emitting InGaN multiquantum wells as a function of excitation intensity. The carrier lifetime of a p/n-doped waveguide sample ͑PNLD͒ was longer than those of undoped or n-doped waveguide samples. For PNLD, the long decay component became dominant at moderate excitation, in contrast to the others for which the fast decaying component remained dominant. The lifetime behavior of PNLD, in conjunction with its strong photoluminescence intensity, originates from the reduction of nonradiative centers. We conclude that the defect density is an important determinant of the RT performance of blue-violet laser diodes. © 2010 American Institute of Physics. ͓doi:10.1063/1.3481091͔
The In x Ga 1−x N quantum well ͑QW͒ is a promising system for application in optical devices such as laser diodes ͑LDs͒ [1] [2] [3] and light emitting diodes, 1, 4, 5 covering ultraviolet to visible wavelengths. Although optical devices based on InGaN/GaN QWs are widely used, the detailed mechanisms for their performance degradation such as efficiency droop 6 and high threshold current density 7 as compared with other material systems 8, 9 have yet to be clearly elucidated. The polarization field, 10, 11 localization, 12, 13 and defects 14 are the most important factors determining the quality of active layers in devices. However, the contribution of each factor is difficult to determine separately because measured data are typically affected by a mixture of two or more factors.
In the present study, we analyzed contributions of the three factors mentioned above-polarization field, localization, and defects-on the performance of blue-violet InGaN/ GaN QW LDs, and found that defect density is the most important of these factors. Room-temperature ͑RT͒ timeresolved photoluminescence ͑PL͒, in conjunction with excitation density dependence, was used for this determination.
Three representative InGaN QW samples of LD structure were grown by metal organic chemical vapor deposition on the c-axis of the GaN substrate. The active region in these samples consisted of a three-period InGaN QW ͑3 nm͒ with an In 0.02 Ga 0.98 N ͑7 nm͒ barrier. As an electron blocking layer ͑EBL͒, a 22 nm thick Al 0.17 Ga 0.83 N layer was deposited after growth of the active region. A 125 nm thick GaN P-and N-waveguide layers were deposited above EBL and below active region, respectively. The three representative samples were grown under the same conditions except for the waveguide doping. One sample had undoped waveguides ͑ULD͒, another had an n-doped waveguide ͑NLD͒, and the other had p-and n-doped waveguides ͑PNLD͒. For PNLD, the p-waveguide region was doped with Mg ͑ϳmid 10 18 cm −3 ͒ and the n-waveguide region was doped with Si ͑ϳmid 10 17 cm −3 ͒. The NLD sample had an n-doped waveguide with Si ͑ϳlow 10 17 cm −3 ͒. The LDs fabricated with NLD and PNLD lased at RT whereas the LD fabricated with ULD did not. The laser output powers of PNLD and NLD as a function of applied current are shown in Fig. 1 . The threshold current of PNLD was much lower than that of NLD. Among the three representative samples, PNLD showed the best device performance and ULD showed the worst performance. To better understand these systems, we investigated the factors underlying the differences in LD performance. For time-integrated PL and time-resolved PL ͑TRPL͒ measurements, samples were excited with a frequency doubled Ti:sapphire laser at 380 nm. At 4 K, PL peaks appeared at around 400 nm ͑3.1 eV͒ and the PL intensities were comparable for ULD and PNLD, whereas NLD showed an intensity about half that of the other LDs ͑not shown͒. The full-widths-at-half-maximum ͑FWHMs͒ of ULD, PNLD, and NLD were 32 meV, 57 meV, and 67 meV, respectively. The relatively broad FWHMs of PNLD and NLD might be due to doping-induced potential fluctuations. ULD showed a strong dependence of PL-peak position on excitation density, whereas the PL-peak position varied little with excitation density for PNLD and NLD. The PL peak of ULD was red- shifted by 32 meV as the excitation density was decreased approximately from 60 to 0.06 W / cm 2 , which is expected since piezoelectric field or localization effects, or a combination thereof, can exist at this low temperature. However, the contributions of the piezoelectric field and localization cannot be clearly distinguished at present.
RT PL spectra of ULD, PNLD, and NLD are shown in Fig. 2 at various excitation densities. PL peaks are positioned at around 3.0 eV ͑ϳ413 nm͒ for ULD, 3.07 eV ͑ϳ404 nm͒ for PNLD, and 3.04 eV ͑ϳ408 nm͒ for NLD. For ULD, the PL spectrum shifts about 11 meV to lower energy as the excitation density is decreased from 16 to 0.5 W / cm 2 , whereas no such spectral shift is observed for PNLD and NLD. The FWHMs for ULD, PNLD, and NLD maintain values of 74 meV, 96 meV, and 95 meV, respectively, regardless of the excitation density. The origin of the small, relatively sharp peak at around 3.1 eV for ULD and NLD is currently unknown. One possibility is that it may be Mg-related peak. 15 The carrier lifetime behavior at RT was investigated through TRPL measurements. Carrier decay transients were measured using a streak camera capable of a time resolution of 4 ps. Figures 3͑a͒ and 3͑b͒ show the decay transients of ULD and PNLD, respectively, as a function of excitation density approximately from 0.9 to 28 W / cm 2 . The decay transient for NLD ͑not shown͒ behaves very similar to that for ULD. As shown in Fig. 3 , the decay time for PNLD is much longer than that for ULD at each excitation density. Two components can be discerned in the decay transients, namely, short and long components. In Fig. 3͑b͒ , for instance, a short decay component is dominant before the delay time of about 250 ps and a long decay component becomes dominant after 250 ps. The short component is related to a nonradiative process, i.e., carrier loss to defects via a thermal activation process. The long component of the decay transients indicates a radiative recombination process and can be obtained from the data at high excitation in Fig. 3͑b͒ , ϳ5 ns. In Fig. 3͑b͒ , for I/30 decay transient, a slight increase in the transients after the delay time of 1500 ps is due to difficulties in background subtraction when the signal is weak.
In general, at high temperatures, nonradiative processes are significant in the carrier dynamics of the active region.
The carriers escaped from QW via thermal activation will be captured into the nonradiative defect centers, which is dominant process at elevated temperatures. The PL intensity of PNLD at RT was 13% of that at 4 K, whereas the fraction of PL intensity remaining at RT was only 7% for NLD and ϳ1% for ULD ͑data not shown͒. The excitation density for these measurements was about 30 W / cm 2 . Taken together, the PL-intensity and carrier lifetime results indicate that PNLD has the smaller defect density around the QW than ULD and NLD, causing PNLD to have a longer decay time, as shown in Fig. 3. In Fig. 3͑a͒ , the decay transients of ULD depend strongly on the excitation density, with the long component of the decay transient becoming stronger with increasing excitation density. When the number of optically generated carriers increases, the nonradiative defect centers around the QW are saturated by thermally escaped carriers, and hence cannot act as nonradiative carrier loss centers. In this situation, radiative recombination becomes the dominant effect determining the carrier decay time, resulting in a longer decay time.
The decay transients of all samples depended strongly on the excitation density, with the long component of the decay transient becoming dominant as the excitation density was increased. However, compared to ULD and NLD, the decay transient of PNLD showed much faster saturation behavior with increasing excitation density, indicating that PNLD has a much smaller nonradiative defect density than ULD and NLD. A reduction in the number of nonradiative centers can cause a reduction in the threshold current of LDs, as shown in Fig. 1 . We note that the decay transient of PNLD still depends on the excitation density, which indicates that nonradiative defect centers cannot be ignored even for PNLD ͓Fig. 3͑b͔͒. These findings suggest that the LD performance can be further improved by reducing the density of nonradi- ative defect centers. Here, doping should have somehow changed the growth condition to reduce the defect density for PNLD. Polarization field and localization effects are very important factors in InGaN multi-QW systems. We therefore examined whether the trends in the PL and decay transients of ULD, PNLD, and NLD at RT could be explained in terms of these effects. First, a polarization field ͑normally a piezoelectric field͒ can affect the PL and lifetime behaviors, i.e., an excitation density dependence of the PL energy shift and a change in the decay transients. A polarization field causes a blueshift of the PL peak with increasing excitation density due to a carrier-induced screening of the polarization field. 16 For ULD, the PL-peak behavior with increasing excitation density conformed to this, i.e., a 11 meV blueshift of the PL peak ͓Fig. 2͑a͔͒; however, PNLD and NLD showed almost no shifts in the PL peak. When the polarization effect is dominant, the decay transient becomes longer with decreasing excitation density because the polarization field induces a spatial separation of the electron and hole wave functions, resulting in decreased wave function overlap between electrons and holes. 17 In Fig. 3 , however, the decay transients of ULD and PNLD change in the opposite direction, that is, the decay time decreases with decreasing excitation density. As a result, polarization field effects cannot explain the observed PL and decay time behaviors of ULD, PNLD, and NLD at RT. Therefore, we conclude that such effects do not contribute significantly to the RT decay time behaviors of these samples, although they would be expected to make significant contributions at low temperatures.
Second, carrier localization effects could also potentially give rise to the PL behavior and decay transients observed for the samples at RT. Figure 4 shows the temperature dependence of the PL energy of ULD, PNLD, and NLD over the temperature range of 4-300 K. PNLD shows a clear S-shaped change in the PL peak with varying temperature, which indicates strong localization. Such strong localization would explain the sample having a relatively large PL intensity at RT compared to at 4 K but would not account for the excitation density dependence of the decay transients at RT shown in Fig. 3 . If carrier localization was significant at RT, the decay would not become very fast when the excitation density was reduced. Therefore the RT PL and decay time behavior of ULD, PNLD, and NLD cannot be explained in terms of a localization effect.
In summary, we have investigated three possible factors affecting the performance difference of blue-violet InGaN LDs, specifically polarization, localization, and nonradiative centers. Our findings indicate that, among these factors, the density of nonradiative centers is the principal determinant of LD performance for the three samples, with the lower density giving rise to a stronger PL intensity and longer carrier lifetime. In addition, the observation that the decay transient of PNLD varied with changing excitation density indicates that the nonradiative defect centers cannot be ignored yet. We expect that the performance of InGaN QW LDs would be further improved by reducing the density of nonradiative centers around QWs. FIG. 4 . ͑Color online͒ PL-peak energies at different temperatures ranging from 4 to 300 K.
